Background: Hyaluronan accumulates in chronic demyelinated multiple sclerosis (MS) lesions. Results: 4-Methylumbelliferone (4MU) inhibits HA synthesis, is protective in active and passive MS models, modulates T-cell responses, and prevents CXCL12 suppression within inflamed and non-inflamed CNS tissue. Conclusion: Inhibition of hyaluronan synthesis protects against CNS inflammation. Significance: Study data substantiate a link between hyaluronan and CNS inflammation.
autoimmune encephalomyelitis (EAE), an animal model of MS, recapitulates many pathological and clinical features of MS. It can be induced in various animal species by immunization with various myelin antigens or by transfer of activated CD4ϩ T-cells reactive to myelin components.
The glycosaminoglycan hyaluronan (HA) is ubiquitously present in the pericellular and extracellular matrix of vertebrate tissues. It is produced at the plasma membrane by three hyaluronan synthases (HAS1, -2, and -3) coupling glucuronic acid and N-acetylglucosamine into a linear polymer using the corresponding UDP-sugars as substrates. Hyaluronan is degraded by a family of enzymes called hyaluronidases. In humans, there are at least seven types of hyaluronidase-like enzymes (1) .
HA exhibits diverse biological functions, including regulation of cell adhesion, cell proliferation, and diffusion of nutrients and growth factors (2) , by its ability to interact with different proteins like CD44, brevican, aggrecan, versican, hyaluronectin, RHAMM, and neurocan (3, 4) . Several studies suggest that hyaluronan may have proinflammatory roles in the context of CNS autoimmunity: 1) it accumulates in demyelinated CNS lesions in MS and EAE (5, 6) ; 2) HA production by dendritic cells and T-cells promotes antigen presentation and enhances T-cell activation and proliferation (2, 3, 7, 8) ; 3) HA-CD44 interactions at the CNS vascular endothelium facilitate lymphocyte binding to vessels and CNS infiltration (9 -11) ; and 4) hyaluronan fragments signal through both Toll-like receptors (TLR) 2 and 4 and thereby stimulate inflammatory gene expression in immune cells (12) .
In the present study, we assessed the effect of hyaluronan in EAE by inhibiting hyaluronan synthesis with 4-methylumbelliferone (4MU) administration (3, (13) (14) (15) (16) (17) . 4MU inhibits hyaluronan synthesis in a dose-dependent manner by two mechanisms: depletion of cellular UDP-glucuronic acid and down-regulation of hyaluronan synthases 2 and 3 (14) . Importantly, 4MU has no effect on the synthesis of any other glyco-saminoglycan besides hyaluronan (15, 18) . This agent facilitates analyses of the effects of HA inhibition on inflammatory responses in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Animals-Female Dark Agouti (DA) rats, 6 -8 weeks old, were purchased from Harlan Laboratories (Indianapolis, IN) and female SJL/J and C57Bl/6 mice, 6 -8 weeks old, from The Jackson Laboratory (Bar Harbor, ME). Animals were housed in the animal facility of Roosevelt Hospital (New York) and were 8 -10 weeks old when used for experiments. All procedures were conducted according to the protocols approved by the Institutional Animal Care and Use Committee of the Roosevelt Hospital.
Quantification of Hyaluronan in LN18 Cell Culture Supernatants-To determine HA cell culture levels, 100,000 LN18 cells were incubated overnight in a 12-well plate in DMEM containing 10% FBS. Subsequently, cells were washed with PBS and incubated for 2 days in DMEM in the absence of FBS. Varying amounts of 4MU dissolved in DMSO were added to the cultures. The final concentration of DMSO was 0.2%. Hyaluronan was quantified using the Hyaluronan DuoSet (R&D Systems).
Quantification of Hyaluronan in Serum and Liver Protein Extracts-Blood was collected from rat tail veins. Liver tissue was homogenized by sonication in radioimmune precipitation assay buffer. The BCA method was used to determine protein concentrations. Hyaluronan was quantified using the Hyaluronan DuoSet (R&D Systems).
Induction and Clinical Evaluation of EAE-For active EAE induction, C57Bl/6 mice were immunized with 200 l of a suspension containing 200 g of murine myelin oligodendrocyte glycoprotein (MOG) peptide ( 35 MEVGWYRSPFSRVVH-LYRNGK 55 , Pepceuticals, UK) and an equal volume of complete Freund's adjuvant supplemented with 400 g of H37RA (DIFCO Laboratories, Detroit, MI) by subcutaneous injection.
To induce adoptive transfer EAE (atEAE) in SJL/J mice, donor mice were immunized subcutaneously with 200 l of a suspension containing 200 g of PLP peptide ( 139 HSLGKWL-GHPDKF 151 , Pepceuticals) and 100 l of complete Freund's adjuvant. Ten days later, lymph node and spleen cells were harvested and restimulated in vitro for 4 days with 10 g/ml PLP peptide. For EAE induction, female SJL/J mice were injected intraperitoneally with 2.5 ϫ 10 7 preactivated PLP-specific cells. DA rats were immunized subcutaneously at the base of the tail with 65 Ag MOG1-125 emulsified in complete Freund's adjuvant containing 400 g H37Ra in a total volume of 200 l.
Animal weights and clinical scores were recorded routinely by a masked observer (0 ϭ healthy, 1 ϭ limp tail, 2 ϭ partial hind limb weakness and/or ataxia, 3 ϭ complete paralysis of at least one hind limb, 4 ϭ severe forelimb weakness, and 5 ϭ moribund or dead). The mean cumulative score for a treatment group was calculated as the sum of the clinical scores of all animals from day zero until the end of the experiment divided by the number of animals in the respective group.
Histopathological Analysis of Spinal Cord Infiltration-Mice were perfused transcardially with ice-cold saline followed by 4% paraformaldehyde. Spinal cord specimens were coded and cut into three pieces representing the cervical, thoracic, and lumbosacral levels. 8-m paraffin sections were prepared. From each of the three rostrocaudal levels, five coronal sections spaced every 500 m were stained with hematoxylin and eosin (H&E) to assess cellular infiltrates. Thus, 15 tissue sections from each animal were analyzed. Both the total area of each tissue section and the area occupied by inflammatory infiltrates were measured semiautomatically using ImageJ software (ImageJ 1.47e, National Institutes of Health, Bethesda, MD) (19) by an investigator masked for the clinical results. The percentage of spinal cord with inflammation was calculated as follows: area of the spinal cord infiltrated by inflammatory cells/ total spinal cord area of the respective section.
Analysis of Th1, Th17, and Treg Cells in Lymph Nodes and Spinal Cords-Single cell suspensions of cells from inguinal lymph nodes and spinal cords of mice were established. Cells from spinal cord tissue were extracted by using a neural tissue dissociation kit (T) (Miltenyi Biotec, Germany). Cells were restimulated in vitro at a concentration of 10 6 /ml with 100 ng/ml phorbol 12-myristate 13-acetate and ionomycin and 1 l/ml BD GolgiPlug (BD Biosciences) for 4 h. Subsequently, cells were harvested and stained extracellularly with eFluor450 anti-mouse CD4 antibody (Clone RM4-5, eBioscience) and FITC anti-mouse CD25 (clone 7D4, BD Biosciences). Afterward, cells were washed, fixed, permeabilized with the BD Cytofix/Cytoperm kit (BD Biosciences), and stained with a phycoerythrin (PE) anti-mouse IL-17 antibody (Clone eBIO17B7, eBioscience), allophycocyanin (APC) anti-mouse IFN␥ (clone XMG1.2, eBioscience), or APC anti-FoxP3 antibody (clone 150D, BioLegend). Flow cytometry analyses were performed to assess the proportions of Treg, Th17, and Th1 cells.
Western Blot-After transcardial perfusion with ice-cold saline, mouse spinal cords were isolated and homogenized by sonication. Total protein was extracted with a radioimmune precipitation assay buffer, separated by SDS-PAGE, and blotted onto nitrocellulose membranes (Schleicher & Schuell). A rabbit anti-mouse CD3e antibody (ab119332, Abcam) was used to detect CD3 and a rabbit anti-actin antibody (Thermo Scientific) for standardization. The secondary anti-rabbit antibody (Sigma-Aldrich) was conjugated to horseradish peroxidase. Bands were detected using ECLplus as substrate (Invitrogen), the Kodak Image Station 4000R Pro, and Carestream MI imaging software (Carestream).
Analysis of TLR Simulation-HEK-Blue TM mTLR2 cells (InvivoGen) were incubated with supernatants from U937 cells that had been incubated for 2 days with 0 or 200 M 4MU in the presence of HEK-Blue detection medium. A stimulation of Toll-like receptor 2 triggers the expression of the secreted embryonic alkaline phosphatase, which results in a blue color development. After 8 h, the development of blue color was assessed using a Synergy HT plate reader (Bio-Tek).
Analysis Impact of Hyaluronan on CXCL12 Expression by Human Astroglioma LN18 Cell Line-150,000 LN18 cells were cultivated for 24 h in 12-well plates in 1 ml of DMEM containing 10% FBS. Cells were stimulated with ultra-low molecular weight and high molecular weight hyaluronan (R&D Systems) with LPS (EMD Millipore) or 4MU. 4MU was dissolved in DMSO. The final DMSO cell culture concentration was 0.2%.
RNA was isolated by using the RNeasy Plus micro kit (Qiagen) and reversely transcribed into cDNA by using the Sensiscript reverse transcription kit (Qiagen). CXCL12 expression was quantified using human CXCL12-specific TaqMan probes (Hs00171022_m1, Invitrogen) and normalized to respective 18S rRNA quantities also determined by using TaqMan probes.
Determination of CXCL12 Expression in Spinal Cord Tissue of DA Rats-DA rats were perfused with PBS. Total RNA was extracted from spinal cords using the RNeasy lipid tissue midi kit (Qiagen). cDNA was generated using the Sensiscript reverse transcription kit (Qiagen). CXCL12 expression was quantified using rat CXCL12-specific TaqMan probes (Rn00573260_m1, Invitrogen) and normalized to respective actin-b quantities (Rn00667869_m1).
Subcutaneous Administration of AMD3100 -Alzet osmotic pumps (Alzet 1004, DURECT Corp.) were used to deliver AMD3100 (Sigma). Filled osmotic pumps were incubated overnight in sterile saline at 37°C. For pump installation, mice were anesthetized with a mixture of ketamine (77 mg/kg) and xylazine (15 mg/kg) in saline. The volume and rate of delivery of PBS or AMD3100 by mini-pump were ϳ100 nl/h continuously for 28 days. The AMD3100 concentration was 20 mg/ml.
Statistical Analyses-Statistical analyses were performed using SigmaStat 3.0 (SPSS Inc.). Comparisons of groups of normally distributed data were done by Student's t test or one-way ANOVA, respectively. For non-normally distributed data from EAE experiments, a Mann-Whitney rank-sum test was used for comparisons. Error bars represent standard deviation unless indicated otherwise.
RESULTS

4MU Feeding Inhibits Hyaluronan Production in Vitro and in
Vivo-We used 4MU, a well established and specific inhibitor of hyaluronan production (3, 7, (13) (14) (15) (16) (17) 20) , to modulate hyaluronan synthesis. First, we confirmed the inhibitory influence of 4MU on hyaluronan synthesis by in vitro experiments. 4MU strongly decreased hyaluronan supernatant levels in LN18 astroglioma cell cultures as determined by an ELISA-like hyaluronan assay (Fig. 1A) .
To modulate hyaluronan synthesis in vivo, 4MU was fed to animals ad libitum mixed within ground chow at a ratio of 5%. To confirm that 4MU reduces hyaluronan synthesis in vivo, it was fed to otherwise naive rats for 4 weeks. Subsequently, the hyaluronan levels in serum and liver protein extracts were quantified ( Fig. 1B ). 4MU reduced hyaluronan serum levels (13.5 Ϯ 7.5 ng/ml (control) versus 6.2 Ϯ 2.9 ng/ml (4MU)) and hyaluronan liver concentrations (3.9 ϫ 10 Ϫ6 Ϯ 1.4 ϫ 10 Ϫ6 g hyaluronan/g protein (control) versus 3.2 ϫ 10 Ϫ6 Ϯ3.4 ϫ 10 Ϫ7 g hyaluronan/g protein (4MU)). 4MU becomes glucuronidated, leading to an inhibition of hyaluronan synthesis by depleting UDP-glucuronic acid (14) . Most of the 4MU glucuronidation happens in the liver, kidneys, and gastrointestinal tract (21) , making the liver a likely site for observing an impact of 4MU on hyaluronan synthesis. In conclusion, we found significantly reduced levels of hyaluronan in peripheral blood and liver FIGURE 1. 4MU decreases hyaluronan production in vitro and in vivo. A, LN18 cells were incubated for 2 days with 4MU dissolved in DMSO under serum-free conditions. The final DMSO concentration in cell cultures was 0.2%. Hyaluronan production was monitored by using an ELISA-like hyaluronan quantification assay (R&D Systems). ***, p Ͻ 0.001 compared with control-treated LN18 cultures (one-way ANOVA (Holm-Sidak method)). B, five naive DA rats mice were fed with 5% 4MU mixed into ground chow or with just ground chow for a total of 4 weeks. Hyaluronan concentrations in serum samples (left) and in liver protein extracts (right) were lower in 4MU-fed animals.
extracts derived from 4MU-fed rats, confirming that 4MU feeding inhibits hyaluronan synthesis in vivo.
4MU Ameliorates Active EAE in C57Bl/6 Mice-To investigate the role of hyaluronan in CNS autoimmunity, we examined the impact of 4MU feeding on the active EAE of female C57Bl/6 mice. EAE was induced in female C57Bl/6 mice by MOG peptide (amino acids 35-55) immunization. Animals were fed ad libitum with normal chow or ground chow containing 5% 4MU starting on 1 day before EAE induction. 4MU had a reproducible effect on the clinical disease course of EAE. EAE signs were more severe in control-fed mice ( Fig. 2A ). Both the average maximal and cumulative scores were lower in mice fed with 4MU than in control mice. In addition, 4MU delayed the onset of EAE disease (Table 1) . At day 63 after EAE induction, mice were sacrificed and subsequently analyzed for inflammatory infiltrates, consisting typically of infiltrating mononuclear cells, by H&E staining of spinal cord sections. Inflammatory lesions were detectable in all mice showing clinical signs of EAE. The spinal cord area covered with inflammatory infiltrates was quantified by blinded semiautomatic image analysis and compared between groups based on the percentage of the spinal cord affected by inflammation. Mice fed with 4MU showed significantly less inflammation in spinal cord sections than control animals (Fig. 2B) , and the extent of inflammation in individual mice correlated positively with the clinical score at the termination of the experiment (data not shown).
EAE is an animal model of MS driven by IFN␥-producing Th1 and IL-17a-producing Th17 cells (22) . We addressed the influence of 4MU feeding on generation of Th1 and Th17 cells as well as their infiltration into spinal cord tissue during active MOG peptide EAE in C57Bl/6 mice. Animals were sacrificed on day 20 after active EAE induction, and CD4ϩ T-cells in inguinal lymph nodes and spinal cord tissue were analyzed by flow cytometry. 4MU did not modulate Th1 but decreased Th17 cell numbers in inguinal lymph nodes, suggesting that 4MU interfered with differentiation or stimulation of encephalitogenic T-cells. On the other hand, 4MU significantly reduced the numbers of Th1 cells in spinal cord tissue (Fig. 2C ). In addition, the numbers of CD25 hi FoxP3ϩ regulatory T-cells were slightly increased in inguinal lymph nodes of 4MU-fed mice (Fig. 2D ). The percentage of regulatory T-cells in spinal cord tissue was characterized by a high variability and did not differ between control and 4MU-fed mice.
To determine whether 4MU affects the differentiation of proinflammatory Th1 and Th17 in vitro, lymph node cells isolated from MOG-immunized C57Bl/6 mice were restimulated in vitro with MOG peptide in the presence or absence of 200 M 4MU dissolved in DMSO. A 4-day incubation with 4MU resulted in a significant reduction of Th1 cell differentiation, corroborating the anti-inflammatory impact of 4MU on T-cells ( Fig. 3A) .
Impact of 4MU on T-cells in Naive Mice-In non-immunized naive C57Bl/6 mice fed for 7 days with 4MU, we found no difference in the number of Th1 and Th17 cells but a significant increase in the number of regulatory T-cells in inguinal lymph nodes compared with control mice (Fig. 3 ). In conclusion, the inhibition of hyaluronan synthesis by 4MU decreased the dif-ferentiation and CNS infiltration of encephalitogenic T-cells and enhanced the generation of regulatory T-cells.
Therapeutic 4MU Administration-To clarify whether 4MU has any therapeutic efficacy after disease induction, 4MU was administered beginning on day 8 after MOG immunization. 4MU had a fast acting, protective effect on EAE. 4MU-fed mice had significantly lower EAE disease scores between days 12 and 19 ( Fig. 4 and Table 1 ) as well as a significantly delayed disease onset and cumulative disease score at the end of experiment on day 29 ( Table 1) .
Influence of 4MU on atEAE of SJL/J Mice-Hyaluronan is known to be an important factor in the activation and proliferation of T-cells (2, 3, 7) . Hence, a likely mechanism by which 4MU ameliorates EAE is interference with the encephalitogenicity of T-cell by inhibition of hyaluronan synthesis. However, 4MU was able to protect against EAE even when its administration was started on day 8 after MOG immunization. In other words, 4MU still protected against EAE, even when its administration started at a time point at which encephalitogenic T-cell responses were already formed (23, 24) .
We designed atEAE-based experiments to investigate 4MU modulation of encephalitogenic T-cell responses independent from its effects on other potential pathological mechanisms leading to disability progression in EAE. First, we specifically targeted the 4MU influence on T-cell encephalitogenicity. Donor SJL/J mice were fed with 5% 4MU or control chow followed 1 day later by PLP peptide immunization. After 10 days lymph node and spleen cells were harvested and restimulated in vitro for 4 days with PLP. 2.5 ϫ 10 7 cells were subsequently transferred by intraperitoneal injections to otherwise naive mice for EAE induction and evaluation of the 4MU impact on T-cell encephalitogenicity. Cells from 4MU-fed mice caused a significantly milder disease course compared with cells from control-fed mice, paralleled by reduced mean maximal and cumulative EAE disease scores ( Fig. 5A and Table 2 ). This finding demonstrates that the 4MU protective influence in active EAE relies at least partially on modulation of T-cell responses.
To examine whether 4MU interferes with additional pathogenic processes, we tested the 4MU impact on a complimentary atEAE experiment. 4MU-fed SJL/J mice were injected with cells from PLP-stimulated cell cultures established from the spleens and lymph nodes of mice immunized with PLP 10 days earlier. Importantly, the donor mice were not exposed to 4MU at all. Although the resulting disease course was very severe, feeding 4MU delayed the disease onset and significantly reduced the mortality and mean maximal and cumulative disease scores ( Fig. 5B and Table 2 ).
To quantitatively assess early T-cell infiltration into the CNS of 4MU-fed and control mice, spinal cords were dissected 8 days after the transfer of PLP-stimulated encephalitogenic T-cells. Tissue homogenates were analyzed by semiquantitative Western blot for CD3e protein as a marker for T-cell infiltration. At that time point, mice showed only minimal clinical disease; none of the 4MU-fed mice and two of five control mice had developed mild disease symptoms. Control mice had greater than 2-fold more CD3e protein in spinal cord protein
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extracts than the 4MU-fed animals (Fig. 5C ). In conclusion, 4MU protects against encephalitogenic myelin-specific T-cells, generated in the absence of 4MU, most likely by reducing early T-cell infiltration into CNS tissue.
4MU Ameliorates EAE by Interfering with Suppression of CXCL12 by Hyaluronan-To identify the mechanism by which the inhibition of hyaluronan synthesis was protective in atEAE, we stimulated cell lines representative of CNS-resident cells with hyaluronan. Human astroglioma LN18 cells were incubated for 24 h in DMEM containing 10% FBS with ultra-low molecular weight (ULMW, 4000 -8000) and high molecular weight (HMW, Ͼ950,000) hyaluronan. ULMW, but not HMW hyaluronan significantly suppressed the chemokine CXCL12 (Fig. 6A ). Suppression of CXCL12 by ULMW HA was independent of the presence of FBS in the culture medium, because treating LN18 cells for 1 day with 10 g/ml ULMW HA in serum-free medium decreased CXCL12 supernatant levels significantly (285.7 Ϯ 55 pg/ml CXCL12 (control cultures) versus 194.1 Ϯ 43 pg/ml CXCL12 (ULMW HA-treated cultures), n ϭ 4, p ϭ 0.024; one-sided t test, data not shown). Murine brain endothelial bEnd.3 cell cultures stimulated with ULMW had lower CXCL12 supernatant levels (Fig. 6B ) corroborating the theory that ultra-low molecular weight hyaluronan suppresses CXCL12 in CNS-resident cells.
Low molecular weight hyaluronan is known to stimulate TLR2 and -4 (12) . We next determined that ULMW HA suppressed CXCL12 in LN18 cells via TLR stimulation, because incubating LN18 cells with ULMW hyaluronan or the TLR2 and -4 stimulant LPS inhibited CXCL12 expression. In contrast, the addition of OxPAPC, an inhibitor of TLR2 and -4 signaling (25), to LPS-and ULMW hyaluronanstimulated cells reversed the CXCL12 suppression by ULMW HA (Fig. 6C) .
On the other hand, the inhibition of hyaluronan synthesis in LN18 cells by 4MU resulted in a concentration-dependent increase of CXCL12 expression ( Fig. 6D ). To determine whether 4MU interferes with TLR2 signaling, we incubated the HEK-Blue mTLR2 reporter cell line (InvivoGen) with 4MU. The stimulation of TLR2 induces the expression of alkaline phosphatase in these cells that can be followed by a blue color development. The addition of supernatants from 4MU-treated U937 cell cultures to HEK-Blue mTLR2 cells reduced the blue color development (Fig. 6E ), indicating that 4MU is able to interfere with TLR2 stimulation by inhibiting hyaluronan synthesis and thereby overcome the inhibition of CXCL12.
We subsequently investigated the in vivo impact of 4MU on CNS levels of CXCL12. Proteins were extracted from spinal cord tissue of control-fed mice and of mice fed with 5% 4MU for 5 days. Quantification of CXCL12 protein by ELISA revealed that 4MU-fed mice had higher spinal CXCL12 levels (Fig. 6F ). Intraperitoneal LPS injections decreased CXCL12 spinal cord levels within 4.5 h, suggesting that systemic inflammation decreases CXCL12 expression in the CNS. After 24 h the CXCL12 levels in spinal cord protein extracts were closer to the original levels prior to LPS injection. 4MU feeding resulted in higher CXCL12 spinal cord levels at 4.5 h after LPS injection (Fig. 6F) .
To corroborate the inhibitory influence of CNS inflammation on CXCL12 expression, we looked into recent microarray studies. CXCL12 was significantly suppressed in spinal cord tissue during the acute disease phase of the MOG-induced EAE of DA rats (Fig. 7A , ArrayExpress database E-MEXP-1025 (26) . Moreover, cerebrospinal fluid cells isolated from MS patients had a lower expression of CXCL12 than CSF cells from control patients ( Fig. 7B (27) ). The reduced expression of CXCL12 in the CSF cells from MS patients conformed to data from a comparable transcriptomic analysis in which the CSF cell transcriptome of relapsing-remitting MS patients was analyzed and compared with profiles from control patients ( Fig. 7C (28) ).
To determine whether 4MU feeding modulated the expression of CXCL12 in CNS tissue during MOG-induced EAE of DA rats, we analyzed the expression of CXCL12 before disease onset at day 10 after MOG immunization. Real-time PCR anal- Fig. 2A . b Fig. 4 .
yses showed higher CXCL12 expression in spinal cord tissue of 4MU-fed rats (Fig. 7D ). We concluded that CNS inflammation suppresses CXCL12 within the CNS in EAE and MS and that this suppression can be overcome by hyaluronan synthesis inhibition achieved by oral administration of 4MU. Currently three independent studies provide evidence that CXCL12 has a protective role in EAE (29 -31) . Therefore, we investigated whether the modulation of CXCL12 expression contributed to the protective impact of 4MU on EAE by inhibiting its most prominent receptor, CXCR4, in vivo by administration of AMD3100, a highly selective inhibitor of CXCR4 (32) . AMD3100 was administered subcutaneously by osmotic pumps starting 2 days before the initiation of adoptive transfer EAE in SJL/J mice; the control mice received PBS instead. EAE was induced by transfer of lymph node/spleen cells from PLPimmunized SJL/J mice as described previously. Feeding mice with 4MU reduced the disease severity and delayed its onset significantly, as already shown in Fig. 5B , but in AMD3100treated mice it neither decreased disease scores nor delayed the disease onset ( Fig. 7E and Table 2 ). This implies that inhibition of hyaluronan synthesis through 4MU administration is not only protective by modulation of T-cell responses but also by increasing CXCL12 expression in the CNS.
DISCUSSION
In the current study, we investigated the role of the glycosaminoglycan hyaluronan in the pathogenesis of EAE, an animal model of multiple sclerosis. Orally administered 4MU interferes with HA synthesis by becoming glucuronidated, primarily in the liver, kidneys, and gastrointestinal tract (21) . Thereby it leads to the depletion of glucuronic acid, one of two components of HA, resulting in the inhibition of hyaluronan synthesis. We found that 4MU treatment reduced hyaluronan levels in vitro and in vivo. 4MU feeding had a protective effect on disability accumulation in active murine and rat EAE models. The protection correlated with reduced inflammatory spinal cord lesions and a decrease of proinflammatory IFN␥-producing Th1 cell numbers in spinal cord tissue and of Th17 cells in inguinal lymph nodes. This suggests that the inhibition of hyaluronan synthesis by 4MU lessens proinflammatory T-cell responses in the periphery, leading to a subsequent inhibition of CNS inflammation and occurrence of EAE-related disabilities.
To further determine that the protection mediated by 4MU feeding relies on modulation of T-cell responses, we used the adoptive transfer model of EAE. Transferring PLP-specific T-cells from 4MU-fed mice caused a less severe EAE disease course than transferring cells from control mice. This confirmed that the protective impact of 4MU on disability accumulation in EAE acted via the modulation of T-cell responses. Possible mechanisms by which hyaluronan can stimulate T-cells have already been discussed by others (i) 4MU-mediated inhibition of hyaluronan synthesis in mitogen-stimulated T-cell cultures suppresses the production of the cytokine IL-2 that plays a crucial role in T-cell proliferation and differentiation (7) . (ii) Hyaluronan produced and displayed on the surface of dendritic cells enhances antigen-specific T-cell activation by stabilizing T-cell receptor-APC interactions through functioning as an intracellular "glue" between T-cells and antigen-presenting cells (2, 3) .
We next examined the impact of 4MU feeding of mice receiving already activated PLP-specific lymph node/spleen cells for EAE induction. Encephalitogenic T-cell responses were formed in the absence of 4MU in this experiment. 4MU provided a significant benefit in this setting. It reduced mortality and disability accumulation and delayed the onset of EAE. Hence, 4MU protection in EAE may not rely solely on the reduction of T-cell encephalitogenicity. Other pathogenic mechanisms besides T-cell responses must have been interrupted by 4MU as well. It may interfere with infiltration of FIGURE 5. Influence of 4MU feeding on atEAE. A, influence of 4MU on T-cell encephalitogenicity. SJL/J mice fed with or without 4MU were immunized with PLP peptide. Ten days later their spleen/lymph node cells were harvested and rest7imulated for 4 days with PLP. 2.5 ϫ 10 7 cells were transferred into naive mice for EAE induction. Differences between the mice receiving cells from 4MU-fed mice and those receiving cells from control mice were statistically significant throughout the whole experiment after day 10 (Mann-Whitney rank-sum test, p Ͻ 0.05). B, influence of 4MU on mice receiving encephalitogenic T-cells. SJL/J mice fed with 5% 4MU or normal chow were injected with 2.5 ϫ 10 7 PLP-specific lymph node/spleen cells for EAE induction. Differences between the 4MU-fed mice and the control mice were statistically significant throughout the whole experiment after day 8 (Mann-Whitney rank-sum test, p Ͻ 0.05). C, spinal cords were dissected from 4MUfed and control mice 8 days after injection of PLP-stimulated lymph node/ spleen cells. At this time point 2 of 5 control mice showed EAE disease symptoms while all 4MU-fed mice were healthy. Spinal cord tissue was homogenized and used for CD3e Western blot. Results represent the mean of CD3e-specific signal normalized to actin signals. **, p Ͻ 0.01 for differences between CD3e signals derived from 4MU-fed mice and control mice (Stu-dent´s t test).
lymphocytes into the CNS, because hyaluronan can act as an anchor molecule for CD44ϩ lymphocytes facilitating their adherence to the CD44ϩ endothelial cells (33) required for subsequent lymphocyte rolling, adhesion, and diapedesis through the blood-brain barrier (10, 11) . We showed by semiquantitative Western blot analysis that spinal cord tissue extracted from 4MU-fed mice on day 8 after encephalitogenic T-cell transfer had lower CD3e protein amounts in comparison with that from control mice. This suggests a delayed infiltration of T-cells into the CNS in 4MU-fed mice, substantiating the possible influence of 4MU on lymphocyte extravasation in EAE.
A possible inhibitory influence of 4MU on lymphocyte infiltration was corroborated by a significant decrease of EAE disease scores in mice fed with 4MU starting on 8 days after active EAE induction. In this experiment, encephalitogenic MOGspecific immune responses were already formed at the time the 4MU administration started (23, 24) . Feeding of 4MU resulted in a very rapid protection in EAE. Disease scores were significantly lower in 4MU-fed mice than in control mice as soon as day 4 after onset of 4MU administration.
The mechanism by which 4MU has anti-inflammatory effects on experimental demyelination may not be solely mediated by T-cells. We detected reduced spinal cord levels of the chemokine CXCL12 under neuroinflammatory conditions caused by systemic LPS injection (34) , paralleled by a reduced expression of CXCL12 in the spinal cords of EAE rats compared with healthy rats and by CSF cells of MS patients compared with patients diagnosed with other neurological diseases.
Oral 4MU administration raised spinal CXCL12 protein levels in non-inflamed CNS tissue and in inflamed CNS tissue of LPS-injected mice. It also increased spinal CXCL12 expression in MOG-immunized rats, indicating that hyaluronan regulates the production of CXCL12 in CNS. This conclusion was corroborated by in vitro experiments in which CXCL12 was suppressed in astroglioma and brain endothelial cells stimulated with low-molecular weight hyaluronan. The suppressive impact of hyaluronan on CXCL12 was mediated by TLR2 or -4 triggering, because the TLR2 and -4 inhibitor OxPAPC diminished hyaluronan-mediated suppression of CXCL12.
Although CXCL12 is a proinflammatory chemokine that attracts CXCR4ϩ T-cells to sites of inflammation and acts as a costimulator in T-cell activation (35) , recent findings associate CXCL12 with anti-inflammatory properties, especially in context of neuroinflammation. (i) CXCL12 is up-regulated in spinal cord tissue after MOG immunization in EAE-resistant albino Oxford rats. Administration of the CXCL12 antagonist AMD3100 made these rats susceptible to EAE, suggesting that CXCL12 is able to suppress autoimmune processes within the CNS (31) . (ii) In MOG peptide-induced EAE of C57Bl/6 mice, a strong basolateral expression of CXCL12 by CNS endothelial cells is necessary to limit the CNS infiltration of mononuclear cells. Inhibition of the interactions of CXCL12 and its receptor CXCR4 by AMD3100 is associated with widespread parenchymal invasion of mononuclear cells in EAE (30) . (iii) CXCL12 attracts immature dendritic cells with anti-inflammatory properties into the CNS (36) . (iv) Finally, CXCL12 is able to redirect already differentiated Th1 cells into anti-regulatory T-cells (29) . We showed that inhibition of CXCR4 by the application of AMD3100 neutralized the protective impact of 4MU on passive EAE in C57Bl/6 mice, suggesting that hyaluronan augments CNS autoimmunity by suppressing CXCL12 production in the CNS.
CXCL12 also serves as an important factor for survival, differentiation, and migration of neuronal and oligodendroglial progenitor cells (37) and has been shown to be essential for remyelination in the cuprizone-induced demyelination model (38) . Hyaluronan accumulates in chronic demyelinated MS lesions and may contribute substantially to remyelination failure by preventing the maturation of oligodendroglial progenitor cells (5) . We showed that hyaluronan suppresses CXCL12 in astrocytes and brain endothelial cells. This may represent a new mechanism by which hyaluronan in astroglial scars contributes to the lack of lesion repair associated with chronic MS (39) .
4MU is a natural compound and is abundant in many edible plants; moreover, 4MU is already used in patients as a musculotrophic smooth muscle relaxant to treat nonspecific abdominal pain and as a cholagogue (Cholspasmin). Furthermore, 4MU (Heparvit) is in phase II of a clinical study in Fig. 5A . b Fig. 5B . c Fig. 7E .
which it is being evaluated for its benefit in chronic hepatitis B and C. Administration of 4MU to patients has been shown to be safe, implying that it could be tested for efficacy in MS patients.
In conclusion, feeding of 4MU, a highly specific hyaluronan synthesis inhibitor, ameliorated the development of active EAE in mice and rats, delayed development of adoptive transfer EAE, and suppressed the generation of encephalitogenic T-cell FIGURE 6. Inhibition of hyaluronan synthesis by 4MU increases expression of CXCL12 in the CNS. A, LN18 cells were incubated in DMEM containing 10% FBS for 24 h with indicated amounts of ULMW and HMW hyaluronan. CXCL12 was significantly suppressed by ULMW HA. n ϭ 4/group; *, p Ͻ 0.05 (one-way ANOVA (Holm-Sidak method)). B, 250,000 bEnd.3 cells (40) were incubated for 48 h in 2 ml of DMEM containing 10% FBS in the presence of 10 g/ml ULMW HA or HMW HA. CXCL12 cell culture supernatant levels were determined by ELISA (mouse CXCL12 DuoSet, R&D Systems). n ϭ 4/group; *, p Ͻ 0.05 for significance of reduced CXCL12 levels in ULMW-treated cell cultures (one-Way ANOVA (Holm-Sidak method)). C, LN18 cells were incubated for 24 h in FBS-containing DMEM with the indicated amounts of ULMW hyaluronan or LPS in the presence or absence of 20 g/ml TLR2 and -4 inhibitor OxPAPC. *, p Ͻ 0.05 comparing LN18 cells stimulated with ULMW HA or LPS in the absence of OxPAPC with untreated LN18 cells (one-way ANOVA (Holm-Sidak method)). D, LN18 cells incubated for 24 h in FBS-containing DMEM with the indicated concentration of 4MU dissolved in DMSO (final DMSO concentration, 0.2%). *, p Ͻ 0.05; **, p Ͻ 0.01 comparing cells treated with particular 4MU concentration with control-treated cells (one-way ANOVA (Holm-Sidak method)). E, 200,000 HEK-Blue TM hTLR2 cells (InvivoGen) were incubated in 1 ml of serum-containing DMEM for 8 h in the presence of HEK-Blue detection medium. 200 l of cell culture supernatants from U937 cells was added; this was initially incubated without 4MU or 200 M 4MU for 2 days. TLR2 stimulation correlates with blue color development. 4MU was dissolved in DMSO with a final DMSO concentration of 0.1% (v/v). F, mice were fed with 4MU for 5 days, LPS was injected intraperitoneally at a concentration of 5 mg/kg bodyweight, and CXCL12 was quantified by ELISA in spinal protein extracts. *, p Ͻ 0.05 comparing CXCL12 spinal cord levels of 4MU-fed with control-fed mice. **, p ϭ 0.0011 for reduced levels of CXCL12 4.5 h after LPS injection (one-way ANOVA).
responses. In addition, hyaluronan suppressed CXCL12. This finding represents a novel disease mechanism that promotes CNS inflammation and diminishes CNS repair processes that could be targeted by modulation of hyaluronan synthesis.
